Introduction: We developed and evaluated a multiplex-PCR method for rapid detection of the most common Salmonella serovars in both developed and developing countries. Additionally, the stability of the premixed reagents at high room temperature was studied. Methodology: Fifty-two Salmonella strains belonging to the collections of the University of Sassari, Italy, and to the University of the Basque Country, Spain, and a collection of a hundred blinded strains, were used to evaluate the multiplex-PCR. Primers targeting genes STY1599 and fliC were selected, and the method was evaluated both intra and inter-laboratories. Results: The inter-laboratory reproducibility was 95.92%, with a kappa index of 0.757 that indicates a substantial agreement and a high accuracy (80.81%). The sensitivity, specificity, accuracy and precision indexes for the Salmonella genus and S. Typhi targets were maximum, although the targets for Paratyphi A, Typhimurium and Enteritidis showed less accuracy. During a seven-week period, hot-start multiplex-PCR runs were performed with reagents mixed with wax to test their stability at 30ºC, and no significant variation in the patterns of amplification was observed. Conclusions: An improved multiplex-PCR for rapid detection of the most common serovars of Salmonella operable in both developed and developing countries has been designed and tested intra and inter-laboratories. Following a careful optimization protocol will not only allow the confirmation of any suspicious colony by the amplification of the Salmonella genus target, but also the preliminary adscription to the prevalent serovars. Premixed reagents with wax facilitate the throughput and stability of reagents at high room temperatures.
Introduction
Salmonella enterica is an important enteric pathogen which causes gastroenteritis and enteric fever in humans and is widely spread in nature. Outbreaks of Salmonella infections are frequently reported from developed and developing countries, as this pathogen spreads quickly through the water and the food chain [1] . Methodologies for Salmonella enterica subsp. enterica typing, which include phenotypical and genotypical techniques, have been recently revised by Wattiau et al. [2] . The investigation of Salmonella outbreaks employs serotyping as the first typing method based on the scheme developed by Kauffmann-White-Le Minor, which allows distinguishing more than 2,600 different serovars [3] . The use of Salmonella serotyping for several decades has provided researchers with the knowledge to better understand the global epidemiology of Salmonella and their spread at the ubiquitous reservoirs in nature. Nevertheless, the need for a large number of specific antisera and technical expertise for performing the serotyping restricts its use mainly to national reference laboratories. Furthermore, in most developed countries, serovars Enteritidis and Typhimurium represent the two most common isolated serovars from clinical samples, accounting for two thirds of the total isolated [1] . In developing countries, typhoidal Salmonella occupy the third position where serovars Typhi and Paratyphi A represent the most prevalent causes of typhoid fever in humans [1, [4] [5] [6] . To overcome the handcrafted nature of classical serotyping and the high level of technical expertise it requires, alternative methods for the identification of serovars, such as DNA-based serotyping or "molecular serotyping" have been developed [2, [7] [8] [9] [10] .
Salmonella enterica strains could be further discriminated in each serovar by the use of standardized epidemiological DNA based methods such as pulsed field gel electrophoresis (PFGE, which is considered the gold standard today), multi-locus variable number of tandem repeats analysis (MLVA), or multi-locus sequence typing (MLST) [11] [12] [13] . PCR based methods have also improved the speed and specificity required in epidemiological studies [14, 15] . A variant of the PCR method called multiplex-PCR allows the simultaneous amplification of several targets in a single reaction, and it has been proved useful in a wide range of microbiological applications [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . As the multiplex-PCR method could be limited by the amount of components that must be pre-mixed, careful optimization is required in order to obtain highly reproducible results. For the critical evaluation of any typing method, the Study Group on Epidemiological markers of the European Society of Clinical Microbiology and Infectious Diseases recommends the study of intra-and interlaboratories reproducibility, although it is not generally performed [28, 29] .
In a previous study we developed a multiplex-PCR method for the rapid detection of the most common Salmonella serovars causing gastroenteritis in Spain, but it lacked targets for typhoidal serovars [30] . Therefore, the aims of the present work are to show the improvement of the aforementioned discrimination of the multiplex-PCR by means of the addition of two new DNA targets for Salmonella serovars Typhi and Paratyphi A, to evaluate the intraand inter-laboratory reproducibility of the method, and to study the stability of the reagents at high room temperature, so that they could be used in limited equipped laboratories. These improvements might make this method suitable for the fast detection and typing of Salmonella in most laboratories.
Methodology

Bacterial strains
The bacterial strains used in this study included forty Salmonella enterica strains belonging to the collection of the Department of Biomedical Sciences, University of Sassari, Italy (S. Typhi [n = 16] [3] . Bacterial DNA was extracted using the boiling method or commercial kits as previously described [14, 15] .
Design of DNA targets for detection of Salmonella serovars Typhi and Paratyphi A
To design new DNA targets for multiplex-PCR, the available published genome sequences of Salmonella Typhi and Paratyphi A serovars [31, 32] were analyzed. Based on those databases and previous works, genes STY1599 and fliC, specific for S. Typhi [20] , and phase one flagellar antigen of type "a" strains respectively, were selected. New primer pairs were designed, synthesized (Invitrogen, Monza, Italy), and added to the multiplex-PCR reaction mix together with previously designed primers ( Table 2) . Concentrations of all components for the PCR reaction were optimized in a final volume of 25 µl with 0.25 mM dNTPs, 1 U DyNAzyme (New England Biolabs, Ipswich, MA, USA), 1 µl of 1:2.000 dilution of an internal amplification control DNA (IC) [30] , and 2 µl of crude lysate DNA. The thermocycling conditions were as follows: initial denaturation at 95ºC for 2 minutes, followed by 30 cycles at 95ºC for 1 minute, 57ºC for 1 minute and 72ºC for 2 minutes, and a final elongation step at 72ºC for 5 minutes. All the reactions were performed using a thermocycler (MJ Research PTC-200 Thermo Cycler, Bio-Rad, Foster City, CA, USA). The PCR products were electrophoresed in 2% agarose gels in 1X TBE buffer, stained with ethidium bromide (0.5µg/ml), and photographed under ultraviolet (UV) light. Gels were analysed to check the band profiles to assign a different numerical code for each positive band. A final code was obtained for each profile by the addition of all assigned numbers. 
Study of inter-laboratory reproducibility and accuracy of the multiplex-PCR
Once the improved multiplex-PCR protocol was optimized an intra-and inter-laboratory agreement study was conducted to assess their accuracy and reproducibility. For these purposes, one hundred bacterial DNA samples provided by the Spanish Reference Center for Salmonella (SRCS) were tested by both the University of the Basque Country (Vitoria-Gasteiz, Spain) and the University of Sassari (Sassari, Italy). Each laboratory performed the improved multiplex-PCR following the previously described and agreed upon protocol, which included guidelines for gel analysis. However, each laboratory employed its own reagents and the equipment optimal for its setting.
Stability of reagents at high room temperature
A study for the determination of stability of PCR reagents at middle and high room temperature during storage was performed. For this purpose, premixes with PCR reagents were prepared in the Spanish laboratory. All the PCR reagents were mixed in a 0.2 ml Eppendorf tube, except for the bacterial DNA and the Taq polymerase (Amersham Biosciences, GE Healthcare Europe GmbH, Barcelona, SPAIN), and then sealed by adding a single bead of AmpliWax PCR Gem 50 (Applied Biosystems, Foster City, CA, USA) that was heated at 80°C for 10 minutes until it melted and formed a layer which solidified upon cooling. When multiplex-PCR was going to be performed, the missing reagents (DNA and Taq polymerase) were added onto this wax layer to start the reaction. PCR heating in the first denaturation step melted the wax, allowing all the reagents to mix and the amplification to begin. The tubes prepared with wax were stored for seven weeks at 30ºC until it was time to begin the PCR reagents stability study. Every five days multiplex-PCR was performed, adding 2 µl of crude lysate DNA of Salmonella serovars Enteritidis, Typhimurium, Cremieu and monophasic variant [4,5,12:i:-] , and 1U of Taq polymerase.
Statistical analysis
Statistical analysis was performed using DAG_Stat developed by Macinnon [33] . This Excel table allows calculating the sensibility, the specificity, the accuracy (efficiency), the predictive positive (precision) and negative values of the test, and the Cohen´s kappa index. The reproducibility of results was calculated as indicated by the European Study Group on Epidemiology Markers (ESGEM) [28, 29] .
Results
Design of new PCR targets for serovars Typhi and Paratyphi A
Genes STY1599 and fliC were selected as PCR targets for detection of serovars Typhi and Paratyphi A, respectively. New primers were designed to amplify an internal 237 bp DNA fragment for gen STY1599 and 607 bp for gen fliC. Both primers were added to previously developed multiplex-PCR for Salmonella molecular typing [30] . Excellent sensitivity and specificity were obtained, both in single reaction and multiplex-PCR reactions, when the collection of 40 strains from the University of Sassari was screened. However, as the improved multiplex-PCR included a total of eight pairs of primers and an internal amplification control DNA, careful optimization of all reaction components was required to obtain good intra-assay reproducibility. The final optimized concentration of all primers is shown in Table 2 , the optimized concentration of other components was collected in the methodology, and the multiplex-PCR DNA profiles obtained in the optimization study are shown in Figure 1A .
Inter-laboratory reproducibility and accuracy of the improved multiplex-PCR
The use of the improved protocol in both laboratories gained an inter-laboratory reproducibility 95.92%, with a Cohen´s kappa index of 0.757 that indicates a substantial agreement. The results obtained from multiplex PCR in the University of Sassari and their associations with the final serovar data provided by the SRCS are shown in Table 1 . Comparison of both methods reached a high accuracy (80.81%). The target-bytarget analysis of the results (Table 3) , the amplification of the internal amplification control DNA, and the presence or absence of the specific band for Salmonella genus (200 bp) allowed the confirmation of all the Salmonella and the non-Salmonella strains. The sensitivity, specificity, accuracy and precision indexes of this Salmonella genus target were maximum (1.000). Only one PCR reaction was inhibited, as denoted by the absence of amplification bands of both the Salmonella genus and the IC. The target for S. Typhi was successfully detected in all Typhi strains investigated, so that specificity, accuracy and precision values were also maximum (1.000). Other targets showed weaker results, as shown in Table 3 . The target for Paratyphi A was detected in all the S. Paratyphi A strains tested and additionally in one strain of serovar Sendai and Hessarek, both with an "a" antigen. Interestingly, a Klebsiella pneumoniae control strain also gave a positive reaction for this band. When Typhimurium serovar was analyzed, the seven S. Typhimurium strains were successfully detected, but also one Infantis and three Coeln serovar strains. The Enteritidis target was detected in six of the seven S. Enteritidis serovar strains, as well as in one Ohio serovar strain.
We encountered assignment problems with both the 502 bp band and with the band of 102 bp, linked to the phage types DT104 and U302 of S. Typhimurium. The 502 bp band, previously linked with C2 serogroup strains, was also detected in three C2-C3 serogroup Salmonella strains (two S. Hadar and one S. Goldcoast), in four D1 serogroup strains (three S. Ndolo and one S. Napoli) and in two C1-C4 serogroup strains (S. Infantis). On the other hand, none of the DT104/U302 S. Typhimurium strains were identified in the blinded collection, but the 102 bp band, previously linked with the phage types DT104 and U302 of the S. Typhimurium band, was detected in ten Salmonella strains (three Dublin, two Panama, and one of Enteritidis, Cerro, Goaldcoast, Hadar and Virchow, respectively). As there were no Spanish S. [4, 5, 12 :i:-] monophasic serovar strains in the blinded collection, the 705 bp specific band for this serovar was not detected. It was later confirmed that the improved method successfully detected nine of such strains tested at the University of the Basque Country in Spain.
If we excluded from this blinded study the identification results obtained with the bands of serogroup C2 and DT104/U302, the accuracy of the identification obtained with the improved multiplex-PCR versus the final serovar data provided by the SRCS was 0.929 and the Cohen's kappa index 0.658, which indicates a substantial agreement.
Stability of reagents at room temperature
During a seven-week period hot-start multiplex-PCR runs were performed with reagents mixed with wax to test the stability of the premixed reagents at 30ºC. No significant variation in the patterns of amplification obtained over time was observed ( Figure 1B) , reaching a reproducibility of 100%. Nevertheless, it was noticed that the band of 304 bp, specific for Salmonella enterica serovar Enteritidis, was not always clearly observed.
Discussion
The serology scheme developed in 1934 by Kauffmann and White has provided invaluable knowledge about the distribution of Salmonella worldwide, and still represents a cornerstone for the investigation of outbreaks of infections caused by this microorganism [1, 3] . Nevertheless, due the difficulties to maintain a broad collection of anti-sera for serotyping, the technique is mainly performed by reference laboratories. For this reason, several efforts have been made recently to develop simpler [2, [7] [8] [9] [10] . Such methods could help to shorten the detection time of local outbreaks of infection, prior to sending the strains to a reference laboratory for confirmation and further research. The multiplex-PCR method has proven to be a reliable and rapid molecular method for the detection of multiple pathogens in a single experiment [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . In this direction, we previously developed a multiplex-PCR assay able to detect the most common serovars of Salmonella responsible of gastroenteritis in Spain [30] . Nevertheless, the method lacked PCR targets for typhoidal Salmonella which are prevalent in developing countries.
Statistical index
In this work, we modified our previous multiplex-PCR method by the addition of two new targets, analyzed the intraand inter-laboratory reproducibility and its accuracy, and studied the effect of elevated room temperatures on the reaction mix with wax, to facilitate a possible broader use of this new multiplex-PCR protocol in less equipped labs. We included new DNA targets, STY1599 and fliC, for serovars Typhi and Paratyphi A, respectively. Previously, STY1599 was observed as specific for the Typhi serovar [20] . A high specificity and sensitivity of modified multiplex-PCR can be claimed since we validated the method against a collection of 40 strains of Salmonella from different geographical origins.
The use of an IC helps researchers to determine whether a negative result is a true negative or is due to an inhibition of the PCR itself. The IC used in this work was previously described [30] and it is amplified with the same primers involved at the reaction and has to compete with them to become amplified. An important step at the inter-laboratory reproducibility stage was the strict adherence to the guidelines for gel analysis interpretation. For example, when the amount of DNA loaded in the gel was high some weak bands could be interpreted as real bands, with the consequent drop of the reproducibility. The use of agreed protocols allowed the inter-laboratory reproducibility of our assay to reach 95%.
In terms of accuracy and precision, the improved multiplex-PCR performed well for both Salmonella genus detection and some serovar detection. Full concordance with the data of SRCS was observed when the Salmonella genus and Typhi serovar were analyzed. However, the target used to detect other serovars showed lower accuracy due to amplification with other Salmonella serovar. Two serovars (Hessarek and Sendai) amplified for the S. Paratyphi A target (fliC gene). When these results were analyzed, it was revealed that these serovars shared the type "a" phase one flagellar antigen. As the fliC gene is responsible for the type "a" flagellar antigen of phase one, all strains of this group amplified with the primers designed for its detection. Recently, the reactivity was confirmed with strains of other serovars belonging to the same flagellar antigen. As we demonstrated in Alvarez et al. [30] , the band assigned to Typhimurium serovar (of 401 bp) could be also detected in other serovars. The data obtained in this work confirmed this circumstance: one S. Infantis and three S. Coeln serovar strains of the blinded group gave this amplification band. One strain of S. Ohio serovar showed the 304 bp band assigned to the Enteritidis serovar, and in one case this was weak and was assigned to one S. Derby serovar strain in the University of the Basque Country laboratory, causing incorrect classification of the serovar. Therefore, the presence in the gel of the bands designed for specific detection of S. Paratyphi A, S. Enteritidis or S. Typhimurium do not fully ensure their presence in the sample; on the contrary, their absence ensures they are not present in the sample. The 102 bp and 502 bp bands, associated with phage types DT104 and U302 of S. Typhimurium and serogroup C2-C3 respectively, were detected also in other serovars. When these bands were excluded from the analysis, the data reached a sufficient level of accuracy. Although new experiments need to be performed to select more suitable PCR targets for that purpose, the multiplex-PCR set up in this study has shown to be powerful and easily adaptable. In the future, rapid whole genome sequencing technologies would help to discover better PCR targets and track food-borne illness [34] .
Finally, we analyzed the effect of high temperature on the stability of the pre-mixed solution for hot-start procedures using wax [35] . The preparation of premixes with the 16 different primers and all the required reagents apart from the Taq polymerase and the bacterial DNA greatly facilitated the throughput of the technique. Furthermore, we demonstrated that the premixes are stable at high room temperature for several weeks. The control of temperature is a crucial element in developing countries, and consequently the stability observed during storage of the premixes could be helpful for the maintenance of the quality of the multiplex-PCR reagents.
In conclusion, an improved multiplex-PCR for the rapid detection of the most common serovars of Salmonella operable in both developed and developing countries has been designed and tested intra-and inter-laboratories. Utilization of a careful optimization protocol not only allows the confirmation of any suspicious colony by the amplification of the Salmonella genus target, but also the preliminary assignment of the colony to the prevalent serovars. Premix reagents stabilized with wax facilitates the throughput and stability of reagents. As a result, the improved multiplex-PCR could be recommended for the early detection of the prevalent Salmonella serovars, both in developing and developed countries.
